The problem of constructing uniform asymptotics of surface perturbations far fields from a localized harmonic source in the flow of a heavy homogeneous fluid of infinite depth is considered. It is shown that the wave pattern of excited long-range fields is, for certain generation parameters, a system of hybrid wave perturbations which simultaneously exhibit the properties of the following two types: annular-type (transverse) and wedge-type (longitudinal) waves. Specific features of the phase structure and wave fronts are studied. Uniform asymptotics of the solutions which describe the hybrid surface wave perturbations at a far distance from the harmonic source are constructed.
Introduction
The surface wave motions in the marine environment can either originate due to natural causes (wind waves, flow past underwater obstacles, bottom relief variations, density and flow fields) or be generated by the flow past natural obstacles (platforms, underwater pipelines, complex hydraulic facilities). The general system of hydrodynamic equations describing the surface perturbations is a rather complicated mathematical problem from the standpoint of proving the existence and uniqueness theorems for solutions in the corresponding function classes and from the computational standpoint. In the framework of the linear theory, the surface wave perturbations are analytically studied by integral representation methods and various asymptotic methods. The main results of solving the problems of generation of surface wave perturbations are represented in most general integral form, and to obtain the integral solutions, it is thus necessary to develop asymptotic methods for their investigation which admit a qualitative analysis and rapid estimations of the obtained solutions. Moreover, to analyze the data of the sea surface remote sensing, it is required to know the causes of various surface phenomena [1] [2] [3] [4] [5] [6] [7] . To obtain a detailed description of a wide class of physical phenomena related to the dynamics of surface perturbations in inhomogeneous and unsteady natural environments, it is necessary to have sufficiently developed mathematical models. The fact that the structure of the heavy sea surface is three-dimensional is also significant, and there are currently no possibilities for large-scale computational experimental modeling of three-dimensional ocean flows at large times with a sufficient accuracy . But in several cases, the initial qualitative concept of the considered class of wave phenomena can be obtained by using simpler asymptotic models and analytic methods for studying them [8] [9] [10] [11] [12] . In this connection, it is necessary to mention the classical hydrodynamic problems of constructing asymptotic solutions which describe the evolution of surface perturbations excited by sources of various nature in heavy homogeneous liquids. The model solutions permit further obtaining representations of surface wave fields with regard to variability and unsteadiness of real natural environments. So several results of asymptotic analysis of linear problems describing different regions of generation and propagation of surface perturbations also underlie the currently actively developing nonlinear theory of generation of ocean waves of extremely large amplitude, the so-called rogue waves (killer waves) [3, 6] . The contemporary state of the art in the study of linear and nonlinear surface perturbations can be found in [7] . The problems of constructing uniform far field asymptotics of internal and surface perturbations from a moving source were considered in [2, 5, 13, 14] . Therefore, it is interesting to consider more complicated regimes of surface wave generation due to the unsteady nature of the source of perturbations. The goal in this paper is to construct uniform far field asymptotics of surface perturbations generated in the flow of a heavy homogeneous liquid of infinite depth around a localized harmonic source of perturbations.
Main results and discussion
We consider the problem of homogeneous flow of an infinitely deep heavy liquid past a harmonic perturbation source of intensity
; the liquid has velocity V at a far distance from the source. The source is located at depth h with respect to the unperturbed free surface, i.e., at the point
To determine a physically realizable solution of the problem, it is necessary to replace the frequency  by    i and then let  tend to zero in the obtained solution for the free surface elevation. Further, let ) t , z , y , x (  be the potential of velocity perturbations with respect to the velocity of the homogeneous flow. In the framework of the linear theory, to determine  , we have the problem [1, 14] 
where  is the three-dimensional Laplace operator and
We seek the solution of equations (1)-(2) in the form
In the dimensionless variables
, we have the following problem for determining the functions
We represent the functions 
Substituting expressions (5) in equation (3), we obtain the boundary-value problem
The solution of problem (7) in the domain
The zeros of the denominator in (8) determine the dispersion relation
can be explicitly written as
The set of frequencies , the dispersion curve consists of two unclosed branches without extrema. In this case, the wave pattern is the sum of two ship waves with half-opening angle of the wave wedge less than
, then the dispersion curve consists of two unclosed curves one of which has two local extremes. One branch of the dispersion curve corresponds to usual ship waves with half-opening angle of the wave wedge less than 2 /  , and the second branch, to ship waves with half-opening angle of the wave wedge greater than 2 /  (the wave front is directed upstream away from the source). This system of hybrid waves simultaneously has characteristic features of both annular (transverse) and ship (longitudinal) waves. We further consider this case ( 255 0.
 
). Figure 1 shows the dispersion curve branch (further denoted by ) (   1 ) which describes the hybrid waves. Figure 2 shows the branch of dispersion curve (9) 
, C and D are the abscissas of the rightmost and leftmost points of the dispersion curves , which describe the usual ship waves, were studied in detail, for example, in [2, 5, 13, 14] . A more complicated and yet unstudied wave pattern of amplitude-phase characteristics of hybrid surface wave perturbations is described by the integrals
We denote the phase by
Then, using the phase stationary condition in the form
we obtain the family of lines of constant phase with a parameter  (the subscript «1» is omitted) for large value of y is constructed similarly [13] [14] and has the form Ai  is the Airy function, and
is the derivative of the Airy function [15] . To determine the free surface elevation, it is necessary to multiply expression for , the elevation amplitudes are of the order of 0.3 meter. Using the asymptotics of the Airy function and its derivative at a far distance from the front, we can obtain a non-uniform asymptotics for ) y , x ( I 1 consisting of two terms. The first of these terms corresponding to the root 1  describes wedge-shaped (longitudinal) waves, and the second term corresponding to the root 2  describes annular (transverse) waves. Thus, we have shown that, in certain generation regimes, the far fields of surface perturbations from a non-stationary source localized in the flow of a heavy liquid of infinite depth form a hybrid system of waves of the following two types: annular (transverse) and wedge-shaped (longitudinal). The qualitative picture of wave fields at a far distance from a nonstationary source is significantly more complicated compared to the case of wave generation by a moving stationary source when the wave fronts come to a fixed observation point. The unsteadiness of the perturbation source amplitude results not only in the appearance of annular waves diverging on the liquid surface directly from the source but also in generation of hybrid surface perturbations propagating upstream from the source. The obtained asymptotics of surface wave perturbations far field allow one efficiently to calculate the basic amplitude-phase characteristics of wave fields and, in addition, qualitatively to analyze the obtained solutions, which is important in developing of well-posed mathematical models of wave dynamics of surface perturbations of the real natural environments. This opens wide opportunities for investigating the wave fields in general, which is also important for formulating correct statements of mathematical models of wave dynamics and for obtaining express evaluations in the surface field measurements in ocean.
